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HDAC6 Deacetylase Activity Links the Tubulin
Cytoskeleton with Immune Synapse Organization
A dramatic cytoskeletal remodeling associated to the
reorganization of plasma membrane receptors and sig-
naling molecules occurs during the formation of the im-
Juan M. Serrador,1,2,3 Jose Roma´n Cabrero,1,3
David Sancho,1 Marı´a Mittelbrunn,1
Ana Urzainqui,1 and Francisco Sa´nchez-Madrid1,*
mune synapse and the reorientation of the MTOC (Ser-1Servicio de Inmunologı´a
rador et al., 1999; Dustin and Cooper, 2000). ActinHospital de la Princesa
microfilaments, actin binding proteins, such as talin, andUniversidad Auto´noma de Madrid
the ERM proteins ezrin and moesin play a critical roleE-28006 Madrid
in the formation of SMACs on T cells by orchestratingSpain
the redistribution of antigen and adhesion receptors2 Unidad Mixta Centro Nacional de
(Monks et al., 1998; Allenspach et al., 2001; Delon et al.,Investigaciones Cardiovasculares
2001; Roumier et al., 2001). In addition, actin polymeriza-Universidad de Valencia
tion at the immune synapse was suggested to stabilizeE-46010 Valencia
and favor continuous TcR-mediated signaling (ValituttiSpain
et al., 1995). However, less is known about the role
played by microtubules in these processes.
Microtubules play a key role in the establishment andSummary
maintenance of cell polarity and provide a scaffold for
the translocation of organelles, signaling, and effectorWe investigated the role of acetylated microtubules in
molecules in many cell types (Nogales, 2001; Hollen-the antigen-specific interaction of T helper and anti-
beck, 2001). The majority of interphase microtubules aregen-presenting cells (APCs). In T cells, acetylated mi-
dynamic, but a small proportion of them are more stablecrotubules concentrated at contact site with APCs,
(Schulze and Kirschner, 1987). A subset of stable micro-surrounding clusters of CD3 and LFA-1. TcR engage-
tubules is posttranslationally acetylated in the Lys40ment induced a transient deacetylation of microtu-
-amino group of -tubulin (Piperno et al., 1987). Acet-bules at early times and an enhanced acetylation at
ylated microtubules are less sensitive to depolymeriza-late times. Confocal videomicroscopy studies re-
tion by colchicine or nocodazole than dynamic microtu-vealed that the HDAC6 tubulin deacetylase was trans-
bules but are as sensitive to depolymerization by coldlocated and concentrated at the contact site of T cells
(Thompson et al., 1984; Piperno et al., 1987). The func-with APCs. Overexpression of HDAC6 but not a dead
tional role of acetylated microtubules still remains poorlydeacetylase mutant in T cells disorganized CD3 and
understood. However, acetylated microtubules seem toLFA-1 at the immune synapse. This effect was reverted
be involved in the stabilization of intercellular structuresby treatment with the deacetylase inhibitor trichostatin
such as the subsynaptic motor endplate of muscle cellsA. The antigen-specific translocation of the microtu-
(Jasmin et al., 1990).bule organizing center (MTOC) and IL-2 production
Acetylation of -amino groups of specific lysine resi-were also severely impaired by overexpression of
dues in a variety of proteins, including transcription fac-HDAC6. Our results underscore the key role for HDAC6
tors, nuclear import factors, and histones is catalyzed byin the organization of the immune synapse and the
a wide range of acetyltransferases (Kourzarides, 2000;antigen-specific reorientation of the MTOC.
Polevoda and Sherman, 2002). To date, the enzymes
that are responsible for the acetylation of -tubulin inIntroduction
mammalian cells remain elusive (Polevoda and Sher-
man, 2002). The activity of histone deacetylase 6 (HDAC6)
The activation of T cells requires the engagement of
on microtubules has been recently reported (Hubbert et
the TcR by antigen-MHC complexes in a specialized al., 2002). HDAC6 is the only member from the class
intercellular adhesion with antigen-presenting cells II HDAC family of proteins that possesses functional
(APCs). This specialized cell-cell junction that has been catalytic domains with deacetylase activity for both tu-
termed the immune synapse (Bromley et al., 2001) is bulin and histones (Grozinger et al., 1999; Haggarty et
characterized by the organization of two supramolecular al., 2003). This enzyme is able to deacetylate -tubulin
activation clusters (SMACs) of receptors at the plasma both in vitro and in vivo, and this activity is inhibited by
membrane: (1) a central cluster (c-SMAC) of TcR/CD3 trichostatin A (TSA) and tubacin (Hubbert et al., 2002;
and costimulatory receptors, such as CD4, CD2, and Haggarty et al., 2003). By using these inhibitors and
CD28 (Monks et al., 1998; Grakoui et al., 1999), and (2) deacetylase-defective HDAC6 mutants, it was demon-
a peripheral ring (p-SMAC) of adhesion receptors that strated that the microtubule-dependent fibroblast mo-
includes LFA-1 (Monks et al., 1998). Antigen-dependent tility and Golgi positioning are regulated by HDAC6-
T cell activation also involves the translocation of the mediated tubulin deacetylation (Hubbert et al., 2002;
microtubule organizing center (MTOC) and the associ- Haggarty et al., 2003).
ated Golgi apparatus to the contact site with the APC We investigated the role of microtubule acetylation in
(Geiger et al., 1982; Ryser et al., 1982; Kupfer et al., 1986). the immune synapse organization and reorientation of
the MTOC. We describe that the HDAC6-mediated
-tubulin deacetylation plays a key role in the membrane*Correspondence: fsanchez.hlpr@salud.madrid.org
3 These authors contributed equally to this work. and cytoskeleton rearrangements that lead to the orga-
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Figure 1. Acetylated Microtubules Are Con-
centrated at the T Cell/APC Contact Site Sur-
rounding Clusters of CD3 and LFA-1
Raji cells were allowed to conjugate with J77
cells on FN-80-coated coverslips. Then, cells
were fixed, permeabilized, and stained with
the indicated antibodies.
(A) Cell conjugates in the absence (upper
panel) or presence of 1 g/ml SEE (lower
panel) were double stained for -tubulin
(green) and acetylated -tubulin (red) and an-
alyzed by confocal microscopy. Merged and
DIC pictures are shown at the right. Asterisks
indicate the localization of Raji cells in cell
conjugates.
(B) SEE-pulsed J77/Raji cell conjugates were
double stained for acetylated -tubulin (red)
and either CD3 (green, upper panel) or LFA-1
(green, lower panel). At the right, the fluores-
cent staining of Raji cells (blue), acetylated
tubulin (red), and CD3 or LFA-1 (green) were
superimposed on the DIC images.
nization of the immune synapse, the translocation of the specific J77-Raji cell conjugates; in contrast, no signifi-
MTOC, and the synthesis of IL-2. These results suggest cant changes were detected in the absence of SEE or
that a subset of acetylated microtubules is necessary the presence of the nonspecific SEB (Figure 2A). The
for a well-organized immune synapse and the activation significant increase in acetylated -tubulin in J77 cells
of T cells. after stimulation with an anti-CD3 mAb (Figure 2B) con-
firmed that microtubules become acetylated upon TcR
Results engagement. In contrast, these levels did not increase
in the presence of an irrelevant IgG, anti-CD4, or anti-
Acetylated Microtubules of T Lymphocytes Are ICAM-3 Abs (Figure 2B).
Concentrated at the Contact Site with the APC To determine the kinetics of -tubulin acetylation dur-
To investigate the subcellular distribution of acetylated ing the formation of the immune synapse, time course
microtubules in the immune synapse, TcR V8 Jurkat experiments of J77/Raji cell conjugates formation in the
T cells (clone J77) were allowed to form cell conjugates presence of SEE were performed. As shown in Figure
with Raji B cells pulsed with Staphylococcus enterotoxin 2C, a significant and transient deacetylation of -tubulin
superantigen (SEE). Then, cell conjugates were stained was observed at early time points (2–5 min), recovering
to visualize total and acetylated microtubules and ana- to basal levels within 15 min. Then, acetylation of
lyzed by confocal microscopy. For this purpose, the
-tubulin gradually increased, reaching maximal levels
6-11B-1 mAb, which specifically recognizes acetylated after 2 hr of stimulation (Figure 2C). In contrast, acetyla-
-tubulin, was used (Piperno et al., 1987). J77 cells dis-
tion levels did not significantly change in the presence ofplayed a cluster of acetylated microtubules between the
SEB (Figure 2C). The kinetics of -tubulin deacetylationMTOC and the contact zone with the APC (Figure 1A).
was clearly coincident with that of CD3 tyrosine phos-The staining of acetylated microtubules was stronger in
phorylation upon superantigen triggering (Figure 2C).specific conjugates compared to homotypic or superan-
Time course experiments performed in cell conjugates,tigen-independent cell-cell contacts (Figure 1A). In addi-
in which J77 cells were pretreated for 30 min with 3 Mtion, the acetylated microtubules of J77 cells were
of TSA, a specific inhibitor of the tubulin deacetylaseclosely apposed with clusters of CD3 and LFA-1 at the
activity of HDAC6 (Figure 2C), showed that the levels ofcontact site of cell conjugates (Figure 1B).
tubulin acetylation did not significantly change during
time, suggesting that the early transient deacetylationAcetylation of -Tubulin Is Increased
observed in the absence of inhibitor is due to HDAC6in Antigen-Specific T Cell/APC Conjugates
activity (Figure 2C). No significant differences wereImmunoblot analysis showed that the levels of acet-
ylated -tubulin were significantly increased in antigen- found between the kinetics of tyrosine phosphorylation
HDAC6 Regulates Immune Synapse Formation
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Figure 2. Acetylated Tubulin Increases in T Cells upon Specific Interaction with APCs
(A) Raji cells (1.5  106) were pulsed or not with 1 g/ml of either SEB or SEE and allowed to interact with J77 cells (4.5  106) for 40 min at
37C. Then, acetylated -tubulin and -tubulin were detected in cell lysates by immunoblot under nonreducing conditions, as stated in the
Experimental Procedures.
(B) J77 cells (5  106) were stimulated for 40 min at 37C with the indicated Abs. Then, acetylated and total -tubulin were detected in cell
lysates by immunoblot under nonreducing conditions.
(C) Kinetics of tubulin acetylation and CD3 phosphorylation in J77/Raji cell conjugates. J77 cells, pretreated or not for 30 min with 3 M
TSA, were allowed to interact with Raji cells in the presence of SEE or SEB for the indicated times and then acetylated, and total -tubulin
was detected by immunoblot under nonreducing conditions. Densitometry values are shown at the middle of panels. To detect phospho-
CD3, CD3was immunoprecipitated with the anti-CD3 chain 488 pAb, resolved on SDS-PAGE under reducing conditions, and immunoblotted
with the anti-phosphotyrosine 4G10 mAb.
(D) J77 cells were pretreated or not with TSA and allowed to interact with Raji cells as in (C). Then, cell conjugates were lysed and immunoprecipi-
tated for -tubulin. Proteins in immunoprecipitates were immunoblotted with anti--tubulin-FITC, anti-CD3, anti-phospho-tyrosine (4G10),
and anti-ZAP-70 antibodies. Molecular weights are indicated to the left.
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of CD3 and LAT in cells pretreated or not with TSA the nucleus and concentrated at the T cell area that
contacted with the APC. This area showed decreased(Figure 2C, and data not shown).
Since it has been proposed that the cytoskeleton amounts of acetylated microtubules in comparison with
nontransfected cells (Figure 3E, arrowheads in uppermight be involved in T cell activation by association
with the CD3 chain (Caplan and Baniyash, 2000), we panel). In the case of H216A/H611A-GFP-transfected
J77 cells, acetylated tubulin did not decrease in contactassessed the association of CD3 with the microtubule
cytoskeleton in the presence or absence of TSA. Cell sites despite a similar localization observed for both the
dead deacetylase mutant and HDAC6-GFP (Figure 3E,lysates from SEE-specific J77/Raji cell conjugates, in
which J77 cells were either pretreated or not with TSA, arrowheads in lower panel). Taken together, these re-
sults reveal that HDAC6 is polarized to the T-APC con-were immunoprecipitated for -tubulin (Figure 2D) and
immunoblotted for -tubulin, ZAP-70, CD3, and phos- tact area, where it likely exerts its enzymatic activity.
photyrosine. We observed that the association of
-tubulin with CD3, tyrosine-phosphorylated CD3, and HDAC6 Concentrates from the Central
ZAP-70 increased after 10 min of SEE stimulation in the to the Peripheral Region of the Nascent Immune
absence of TSA (Figure 2D). These associations were Synapse and Regulates SMACs’ Organization
not detected in the presence of TSA (Figure 2D). These To dynamically assess the localization of HDAC6 in the
results suggest that upon superantigen triggering an T cell contact area with the APC, we performed time-
increase of acetylation activity is preceded by an early lapse confocal microscopy studies in HDAC6-GFP-
tubulin deacetylase activity which is coincident with the transfected J77 cells that were allowed to interact with
phosphorylation of CD3 and required for its recruitment SEE-pulsed Raji cells. As soon as cell contacts oc-
to the tubulin cytoskeleton. curred, HDAC6-GFP was redistributed to the cortex of
membrane protrusions that were directed to the APC,
concentrating at the initial central zone of the cell con-HDAC6 Regulates the Antigen-Specific Acetylation
of Microtubules tact (Figure 4). As early as 6 min after initial cell conjuga-
tion, HDAC6-GFP was progressively redistributed to theDouble immunofluorescence staining of HDAC6 and
acetylated -tubulin in fresh isolated CD4 peripheral periphery (Figure 4). Finally, after 11 min, HDAC6-GFP
was excluded from the central zone concentrating inblood lymphocytes or J77 cells conjugated with SEE-
pulsed Raji cells showed a restricted cytoplasmic stain- a peripheral ring that resembled the characteristic
p-SMAC of the mature immune synapse (Figure 4). Aing pattern of HDAC6. This enzyme partially colocalized
with acetylated microtubules around the translocated similar subcellular localization was observed with the
dead deacetylase mutant H216A/H611A-GFP (data notMTOC of both V8 primary T lymphocytes and J77 cells,
concentrating at the contact site with the APC (Figure shown), indicating that positioning of the enzyme was
not dependent on its deacetylase activity.3A). In contrast, HDAC6 was broadly distributed in SEE-
independent T cell/APC conjugates (Figure 3A). To de- Immune synapse maturation correlates with the clus-
tering of CD3 in a small central area and the clusteringtermine whether HDAC6 activity takes place at the T cell/
APC contact site, acetylated -tubulin was stained in of LFA-1 in a peripheral ring (Monks et al., 1998; Grakoui
et al., 1999). To determine whether HDAC6 plays a rolethe presence of either TSA or sodium butyrate and tra-
poxin B (two potent HDAC inhibitors, with negligible in the organization of the immune synapse, we assessed
by confocal microscopy the distribution of CD3 andactivity on HDAC6) (Hubbert et al., 2002; Furumai et al.,
2001). CD4 T lymphocytes and J77 cells pretreated LFA-1 at the immunological synapse of HDAC6-GFP-
transfected J77/Raji cell conjugates. The presence ofwith TSA showed a strong staining of acetylated tubulin
at the contact site with APCs, whereas a weak staining HDAC6-GFP but not the deacetylase dead mutant
H216A/H611A-GFP significantly prevented the coales-was observed in untreated cells, as well as in butyrate-
or trapoxin B-treated cells (Figure 3B and data not cence of CD3 at the central interface area of contact
with SEE-pulsed Raji cells (Figure 5A). This effect wasshown), indicating that HDAC6 is active at immune
synapse. reversed by pretreatment with TSA but not with sodium
butyrate or trapoxin B (Figures 5A and 5B). In addition,To further analyze the role of HDAC6 in superantigen-
specific cell conjugates, fusion proteins containing the a slight but consistent increase in the clustering of CD3
was observed in both V8 CD4 primary T and trans-green fluorescent protein (GFP) linked to the carboxyl
terminus of HDAC6 (HDAC6-GFP) and to a dead deacet- fected J77 cells when they were pretreated with TSA
(Figure 5B). Moreover, the percentage of mature syn-ylase mutant (H216A/H611A-GFP) were generated (Fig-
ure 3C). These chimeric proteins were transiently ex- apses in HDAC6-transfected J77 cells was about 2-fold
lower than in dead deacetylase-transfected cells orpressed in J77 cells, which show a moderate expression
of endogenous HDAC6, and the levels of acetylated TSA-treated lymphocytes but neither butyrate nor tra-
poxin B modified this significantly (Figure 5B). Finally,-tubulin were determined by flow cytometry in the pres-
ence of TSA or sodium butyrate. We found that acet- kinetic studies in SEE-specific J77/Raji cell conjugates
showed that TSA but not sodium butyrate acceleratedylated -tubulin was significantly increased in cells
treated with TSA (Figure 3D). Interestingly, HDAC6-GFP- clustering of CD3 at the immune synapse in comparison
with untreated cells (Figure 5C).transfected cells treated or not with sodium butyrate
showed significantly lower amounts of acetylated Then, we examined the distribution of CD3 at the
c-SMAC of J77 cells nucleofected with an HDAC6 siRNA-tubulin than dead deacetylase HDAC6-GFP or GFP-
transfected control cells (Figure 3D). When HDAC6- that significantly reduced HDAC6 expression and in-
creased the levels of acetylated tubulin (Figure 5D). AsGFP-transfected J77 cells formed SEE-specific conju-
gates with Raji cells, HDAC6-GFP was excluded from shown in Figure 5E, a consistent increase in the cluster-
HDAC6 Regulates Immune Synapse Formation
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Figure 3. Characterization of Exogenous HDAC6 Expressed in T Cells
(A) HDAC6 is concentrated at the contact site of T cells with APCs. CMAC-labeled Raji cells (blue) were allowed to interact with either purified
CD4 peripheral blood lymphocytes (PBLCD4) or J77 cells in the presence or absence of SEE. Then, cell conjugates were fixed, permeabilized,
and stained for HDAC6 and acetylated -tubulin or V8 TcR. Arrows point to MTOCs.
(B) Purified CD4 PBLs and J77 cells were pretreated for 30 min with either 3 M TSA or 5 mM sodium butyrate and allowed to interact with
CMAC-labeled Raji cells (blue) in presence of SEE. T/APC conjugates were stained for acetylated microtubules (red). Fluorescence and DIC
superimposed images are also shown. Arrows point to acetylated tubulin in T cells.
(C) Lysates from untransfected J77 cells or cells transfected with wild-type HDAC6-GFP, dead deacetylase HDAC6-GFP, or GFP were
immunoblotted with an anti-GFP pAb. Molecular weights are indicated to the left.
(D) Levels of acetylated tubulin in HDAC6-transfected J77 cells. J77 cells were transfected with GFP	, HDAC6-GFP, or dead deacetylase
HDAC6-GFP. After 24 hr, cells were treated or not with either 3 M TSA or 5 mM sodium butyrate, and the level of acetylated tubulin was
determined by flow cytometry as stated in the Experimental Procedures. A representative experiment from three is shown.
(E) Exogenous HDAC6 are concentrated at the contact site of J77 cells with Raji cells. SEE-pulsed Raji cells were allowed to interact with
either wild-type HDAC6- or dead deacetylase HDAC6-transfected J77 cells. Then, cell conjugates were fixed, permeabilized, and stained for
acetylated tubulin. Arrowheads point to the APCs contact sites of T cells.
Immunity
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Figure 4. Dynamics of HDAC6 during the
Specific Interaction of T Cells and APCs
Raji cells were pulsed with 1g/ml of SEE and
adhered to FN-80-coated coverslips. Then,
HDAC6-transfected J77 cells were added,
and cell images were recorded at 30 s inter-
vals. Raji cells were labeled with the blue
probe CMAC. Each time point shows the DIC
image superimposed on the fluorescent im-
age of HDAC6-GFP. Time from the initial cell
contact (min) is indicated at the upper left
corner of each image. Asterisks indicate
Raji cells.
ing of CD3 was observed in the HDAC6 knockdown cells (Figures 7D and 7E). As early as 6 hr after SEE-
dependent cell conjugate formation, IL-2 productioncells, similar to that induced by TSA (Figure 5C). Like-
wise, similar results were observed by siRNA nucleofec- was almost abrogated in HDAC-6-GFP-transfected cells
(Figure 7D), whereas the deacetylase dead mutant didtion of CD4 peripheral lymphocytes (data not shown).
When the formation of the p-SMAC was analyzed, no not affect this functional response. In contrast, the ex-
pression of CD69 was similarly upregulated in both GFP-peripheral clustering of LFA-1 was observed on HDAC6-
GFP transfected cells (Figure 6, upper panel), although and HDAC6-GFP-transfected cells (Figure 7E). The pro-
duction of IL-2 was partly restored by the treatment ofthis integrin was concentrated at the cell-cell contacts
of some conjugates (data not shown). LFA-1 was well HDAC6-transfected cells with the phorbol ester PMA
and ionomycin (Figure 7D), suggesting an additional roleorganized at the p-SMAC when cells were treated with
TSA or transfected with the dead deacetylase mutant for the histone deacetylase activity of HDAC6 on the
regulation of IL-2 at the transcriptional level.(Figure 6, lower panel, and data not shown).
These data strongly suggest that HDAC6 regulates Our data strongly suggest that during T-APC cell con-
jugate formation, HDAC6 plays a dual role on MTOCCD3 and LFA-1 membrane organization in the immune
synapse by controlling the acetylation of microtubules reorientation by regulating the spatial organization of
surface molecules at the immunological synapse andunderneath the SMACs.
by controlling the reorganization of the microtubular net-
work inherent to this process.Role of HDAC6 in MTOC Translocation
As a functional consequence of immune synapse organi-
zation and maturation, the reorientation of the MTOC in Discussion
T cells toward the APC takes place 5–10 min after anti-
gen recognition (Sancho et al., 2002). We investigated Actin microfilaments were initially considered as the
most important cytoskeletal components in the plasmawhether HDAC6 could affect MTOC translocation. We
observed that a significant proportion of HDAC6-GFP- membrane organization of T cell adhesion and signaling
receptors (Dustin and Cooper, 2000). However, it hasexpressing J77 cells did not reorient the MTOC toward
the SEE-pulsed APC (Figures 7A and 7B), whereas the become increasingly evident that receptor membrane
organization is a complex and dynamic process in whichtreatment with TSA but not with sodium butyrate or
trapoxin B restored the normal high frequency of translo- other cytoskeletal components could also play an im-
portant role. In this study, we investigated whether thecation (Figures 7A and 7B). The dead deacetylase mu-
tant did not affect MTOC translocation (Figures 7A and acetylation of microtubules participates in the organiza-
tion of the immune synapse and the polarization of the7B). Quantitative analysis of these experiments showed
a 2-fold lower percentage of HDAC6-GFP-transfected MTOC. Our results show that TcR engagement modifies
microtubule acetylation in a dynamic manner withJ77 cells with translocated MTOC compared to cells
treated with TSA or dead deacetylase-GFP-transfected deacetylation within the first 15 min and a progressive
acetylation after this time. The coincidence of -tubulincells (Figure 7B). In these experiments, butyrate or tra-
poxin B did not affect the translocation of the MTOC deacetylation with early TcR-triggered events strongly
suggests that deacetylation is induced through this re-(Figure 7B). As described for the clustering of CD3, the
treatment of peripheral blood CD4 and J77 T cells with ceptor, pointing to a regulatory role for the recently de-
scribed tubulin deacetylase activity of HDAC6 (HubbertTSA increased the translocation of the MTOC in cell
conjugates with Raji cells (Figures 7B and 7C). et al., 2002) in T cell activation, as confirmed by using the
HDAC6 tubulin deacetylase inhibitor TSA. We thereforeTo address the effect of HDAC6 overexpression in
other activation events, IL-2 production and CD69 ex- addressed the functional role of stable acetylated micro-
tubules in immune synapse organization by cell trans-pression were assessed in HDAC6-GFP-transfected J77
HDAC6 Regulates Immune Synapse Formation
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Figure 5. Overexpression of HDAC6 Disrupts the Clustering of CD3 at the c-SMAC
(A) J77 cells transfected with GFP, wild-type, or dead deacetylase HDAC6-GFP were incubated for 30 min at 37C with SEE-pulsed Raji cells
and stained for CD3. At the right, the corresponding XZ projections of the interface area of contact for each conjugates are represented. DIC
images and the superimposed staining of CD3 and HDAC6-GFP are also shown. Asterisks indicate the localization of APCs in cell conjugates.
(B) Percentage of V8 CD4 PBL and J77 cells transfected with GFP, wild-type, or dead deacetylase HDAC6-GFP treated or not with either
TSA, trapoxin B, or sodium butyrate, displaying accumulation of CD3 at the contact sites with Raji cells. Data correspond to the arithmetic
mean 
 SEM of four independent experiments.
(C) J77 cells pretreated with 3 M TSA (), 100 nM trapoxin B (), or 10 mM sodium butyrate () were mixed with Raji cells pulsed with SEE
at 1 g/ml, and the clustering of CD3 was analyzed at different times. A representative experiment out of three is shown.
(D) J77 cells were transfected with a mock (control) or with HDAC6 siRNA; protein levels of HDAC6, acetylated -tubulin, and total tubulin
were determined by immunoblotting with specific antibodies.
(E) CD3 clustering at the c-SMAC is enhanced in HDAC6 knockdown J77 cells. The accumulation of CD3 at the contact site with Raji cells
in control and HDAC6 knockdown cells was assessed as in (B), except for a shorter interaction with SEE-pulsed Raji cells (10 min).
fection studies with HDAC6. Time-lapse dynamic stud- A similar redistribution of LFA-1 precedes the localiza-
tion of CD3 at the c-SMAC (Grakoui et al., 1999). Remark-ies revealed that HDAC6 is redistributed from the central
to the peripheral region of the nascent immune synapse. ably, the overexpression of HDAC6 caused a distur-
Immunity
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Figure 6. Overexpression of HDAC6 Disrupts
the Organization of LFA-1 at the p-SMAC
J77 cells transfected with plasmids encoding
wild-type or dead deacetylase HDAC6-GFP
were incubated for 30 min at 37C with SEE-
pulsed Raji cells. Then, cell conjugates were
stained for LFA-1 and analyzed by laser con-
focal microscopy. Representative confocal
sections and three-dimensional reconstruc-
tion of T cell/APC conjugates which J77 cells
overexpressed either wild-type HDAC6-GFP
(upper panel) or the dead deacetylase HDAC6-
GFP mutant (lower panel) are shown. Twenty
cell conjugates for three independent experi-
ments were analyzed for each transfectant.
LFA-1 was detected at the p-SMAC of 9
(GFP), 2 (HDAC6-GFP), and 11 (H216A/H611A-
GFP) cells. At the right, the corresponding XZ projections of the junction area of each transfectant with the APC are represented. DIC images
and the superimposed staining of LFA-1 and either wild-type or the dead deacetylase mutant HDAC6-GFP are also shown. Asterisks indicate
the APCs.
bance in the spatial organization of CD3 and LFA-1 at regulates T cell functions by its segregation from signal
molecules in cholesterol- and sphingolipids-enrichedthe mature immune synapse whereas removal or inhibi-
tion of HDAC6 facilitates their organization into c- and detergent-insoluble membrane microdomains involved
in the activation of immunoreceptors (Dykstra et al.,p-SMAC, respectively.
It is very likely that the effects observed in cells trans- 2003). On the other hand, it has been proposed that the
internalization of surface TcRs is a mechanism of signalfected with HDAC6 are due to its -tubulin rather than
histone deacetylase activity. We found a diminution of attenuation (Lee et al., 2003; Huppa et al., 2003) and
microtubules are important for the retrograde transportacetylated microtubules in HDAC6-transfected cells and
a cytoplasmic rather than nuclear distribution of this of receptors in many cellular systems (Nogales, 2001).
In this regard, the disorganization of CD3 at the contactenzyme, frequently colocalizing with microtubules. More-
over, short time treatment of cells with TSA prevented of HDAC6-overexpressing cells with APCs could reflect
signal attenuation by deregulation of receptor internal-the effect of HDAC6 overexpression ruling out the possi-
bility that these effects may be due to the induction of ization.
Regarding the mechanisms responsible for the local-gene expression. However, we cannot rule out that the
deacetylation of substrates other than tubulin might be ization of LFA-1 at the p-SMAC, it has been extensively
described that talin acts as a bridge between microfila-also important for the organization of the immune
synapse. ments and LFA-1, controlling its position (Kupfer et al.,
1991; Monks et al., 1998). However, recent evidenceThere is some evidence of an interaction between
the actin cytoskeleton and CD3 (Rozdzial et al., 1995; suggests that microtubules could bind to the outer ring
of LFA-1 at the p-SMAC of cell conjugates between TCaplan and Baniyash, 1996), although it does not seem
to be a direct one (Caplan and Baniyash, 1996). Thus, cytotoxic lymphocytes and target cells (Kuhn and Poe-
nie, 2002). Furthermore, LFA-1 interacts with Mac-an antigen-dependent interaction between CD3 and
tubulin can not be ruled out. We have demonstrated MARKS, which binds to microtubules by interacting with
dynactin, controlling the diffusion of this adhesion re-that prevention of the early deacetylation step by TSA
facilitates the initial phase of synapse formation, without ceptor (Zhou and Li, 2000).
Even though acetylated microtubules may stabilizeaffecting early receptor phosphorylation. However, the
tubulin deacetylase activity of HDAC6 seems to be nec- the c- and p-SMAC, our results do not necessarily imply
that CD3 and LFA-1 directly bind to microtubules. Thereessary to recruit phosphorylated CD3 to the tubulin
cytoskeleton. In this regard, a potential negative role is a large number of signaling and adaptor molecules
that associate with both receptors and that are potentialfor the association of CD3 with the cytoskeleton upon
activation has been proposed (Caplan and Baniyash, candidates to link to tubulin (Dustin and Chan, 2000;
van Kooyk and Figdor, 2000).2000). Accordingly, we observed a reduced superAg-
dependent production of IL-2 in cells overexpressing Our data also indicate that the reorientation of the
MTOC induced by immune synapse formation is per-HDAC6. Although our data suggest that the effect of
HDAC6 on IL-2 production is mainly due to its tubulin turbed by deregulation of HDAC6 activity. These find-
ings concur with the altered distribution of p58, a micro-deacetylase activity, the finding that HDAC6-transfected
cells produce lower amounts of IL-2 than control cells tubule-associated protein (MAP) responsible for the
juxtanuclear localization of the Golgi apparatus, inducedupon treatment with PMA and ionomycin also supports
a regulatory component in IL-2 gene transcription by by HDAC6 overexpression (Haggarty et al., 2003). A
number of studies have demonstrated that the translo-HDAC6 (Zhang and Kone, 2002; Westendorf et al., 2002),
but this issue requires further investigation. cation of the MTOC is a strictly TcR-dependent process
(Rubbi and Rickwood, 1996; Lowin-Kropf et al., 1998).An intriguing question is how HDAC6 could attenuate
T cell activation. It is feasible that the anchorage of Microtubules are critical for the spatial organization of
signal transduction cascades and may act as a scaffoldphosphorylated CD3 to the tubulin cytoskeleton down-
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Figure 7. Functional Role of HDAC6 in MTOC
Translocation and T Cell Activation
(A) J77 cells transfected with wild-type or
dead deacetylase HDAC6-GFP were incu-
bated for 30 min at 37C in the presence of
SEE-pulsed Raji cells. Then, cells were fixed,
permeabilized, and stained for -tubulin.
Representative images of wild-type HDAC6-
GFP-expressing cell conjugates in the ab-
sence or presence of 3 M TSA (upper and
middle panels, respectively) and the dead de-
acetylase HDAC6 mutant (lower panel) are
shown. DIC images, the fluorescent staining
of Raji cells (blue), and superimposed HDAC6
and -tubulin staining are also shown.
(B) Percentage of V8 CD4 PBL and trans-
fected J77 cells mixed with SEE-pulsed Raji
cells in presence or absence of TSA, trapoxin
B, or sodium butyrate with their MTOC in
close proximity to the cell plasma membrane
between the nucleus and the Raji contact
site. Data correspond to the arithmetic
mean 
 SEM of four independent experi-
ments. At least 200 conjugates/experiment
were scored.
(C) J77 cells pretreated with 3 M TSA (),
100 nM trapoxin B (), or 10 mM sodium buty-
rate () were mixed with SEE-pulsed Raji
cells and the translocation of the MTOC was
analyzed at different times. A representative
experiment out of three is shown.
(D) IL-2 was determined in the supernatants
from HDAC6-GFP, H216A/H611A-GFP, and
GFP stably transfected J77 cells and Raji B
cell conjugates in the presence (SEE) or ab-
sence (	SEE) of SEE (0.5 g/ml). In other
experiments, phorbol-12-myristate-13-ace-
tate (PMA, 20 ng/ml) and ionomycin (1g/ml)
were added to the medium, and the cells were
cultured for 6 hr. Results show the arithmetic
mean 
 SD of IL-2 production (pg/ml) from
three independent experiments.
(E) CD69-positive cells were determined in
V8-positive J77 cells in conjugates, as in (D).
Results are expressed as arithmetic mean 

SD of percentage of CD69 cells in the V8
subset from three independent experiments.
for ZAP-70, Syk, Fyn, Vav, or Pyk2 (Huby et al., 1995; and in this process microtubules seem to be the more
relevant cytoskeletal components. In this regard, it hasMarie-Cardine et al., 1995; Peters et al., 1996; Sancho
et al., 2002). been described that microtubules at the mature immune
synapse show a spatial organization similar to the clus-The importance of the TcR-associated kinases Lck
and ZAP-70 in the reorientation of the MTOC has been tering of LFA-1 at the p-SMAC (Kuhn and Poenie, 2002).
Our data strongly suggest that the dynamic processesrecently reported. The translocation of the MTOC is ab-
rogated in Lck-deficient Jurkat cells (Lowin-Kropf et al., of acetylation-deacetylation in microtubules are re-
quired for the correct spatial organization of CD3 and1998) and partially inhibited in ZAP-70-deficient cells
(Sancho et al., 2002; Blanchard et al., 2002). However, LFA-1 at the immune synapse and the polarization of
the T cell MTOC, linking both processes. Thus, the rolelittle is known about the mechanism that mobilizes it
toward the APC contact site. The reorientation of the played by HDAC6 in T cell polarization appears to be
substantially different from that described for ZAP-70.MTOC can occur in the absence of detectable accumu-
lation of either talin or actin microfilaments at the mem- Although ZAP-70 partially regulates the TcR-induced
MTOC reorientation, it has no effect on the redistributionbrane cortex where it is directed (Sedwick et al., 1999).
Thus, TcR engagement determines the subcellular posi- of T cell surface receptors at the immune synapse
(Blanchard et al., 2002). In addition, our data suggesttioning of the MTOC during immune synapse formation
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tracker chloromethyl derivative aminocoumarin (CMAC) was fromthat the TcR-dependent mechanisms, which induce the
Molecular Probes (Eugene, OR).deacetylation-acetylation of microtubules, are neces-
sary for the effect of ZAP-70 in the reorientation of the
MTOC. It is conceivable that the dynamic process of Immunofluorescence, Immunoprecipitation,
and Immunoblot Analyses-tubulin acetylation-deacetylation, through the reorga-
Raji cells were loaded with CMAC, incubated for 15 min in thenization of the microtubular network, creates both a
presence or absence of 1 g/ml of SEE or SEB, and then mixedscaffold for signaling molecules involved in MTOC trans-
with an equal number of T cells (2 105). Then, cells were centrifuged
location, such as Lck and ZAP-70 (Lowin-Kropf et al., at low speed and incubated for 15 min at 37C. Cell conjugates were
1998; Sancho et al., 2002; Blanchard et al., 2002), and a gently resuspended, plated onto PLL-coated slides (80 l/slide),
and allowed to settle for 15 min at 37C in humidified incubationmicrotubule-anchoring structure for MTOC reorientation
chambers. Cells were fixed and permeabilized for 5 min in 2% form-(Kuhn and Poenie, 2002). By their association with motor
aldehyde-0.5% Triton X-100 in PBS and stained for -tubulin, acet-proteins, acetylated microtubules could play a role to
ylated -tubulin, CD3, LFA-1, or HDAC6 using donkey-anti-goat Absmove the MTOC toward the APC contact site, as has
labeled with 488 or rhodamine red X as secondary reagents (Molecu-
been described in the vectorial transport of vesicles and lar Probes). Cell conjugates were visualized using a Leica DMR
organelles (Thyberg and Moskalewski, 1999). Therefore, photomicroscope (Leica, Heidelberg, Germany) with 100 oil-
immersion objectives and a Leica TCS-SP confocal microscope.the linkage between acetylated microtubules and motor
Confocal sections were distanced 0.2 m in the z axis. In addition,proteins at the p-SMAC could generate sliding forces
a quantitative analysis of conjugates containing T cells with CD3that bring the MTOC toward the contact site with the
clustered was performed by random choice of more than 200 conju-APC. In this regard, it has been described that dynein,
gates from at least three independent experiments. Immunoprecipi-
a key molecule in the reorientation of the MTOC (Palazzo tation was carried out as described (Sancho et al., 2002). For immu-
et al., 2001), associates with HDAC6 to transport noblotting experiments, J77 cells (4.5  106) were mixed with Raji
cells (1.5  106) and incubated in the presence or absence of SEEHDAC6-bound ubiquitinated proteins along microtubule
or SEB for the indicated times under continuous rotation in a finaltracks toward aggresomes (Kawaguchi et al., 2003). In-
volume of 500l. Cells were then washed once in PBS, resuspendedterestingly, the functional deacetylase activity of HDAC6
in 60 l of MES buffer (10 mM MES at pH 7.4, 150 mM NaCl, 5mMis required for this process, although its precise function
EGTA, 5 mM MgCl2) containing a cocktail of protease inhibitorsis unknown. (Roche, Mannheim, Germany), sonicated twice for 30 s at 4C, and
The exact function of the immune synapse remains boiled in Laemmli sample buffer containing either 5% -mercapto-
ethanol or 5 mM iodo-acetamyde for 5 min at 100C. Cell lysatescontroversial; it has been proposed that it balances both
were then centrifugated at 10,000  g for 20 min and supernatantssignaling attenuation and sustained T cell activation (Lee
analyzed by immunoblotting with anti--tubulin and acetylatedet al., 2003; Huppa et al., 2003). Reciprocally, sustained
-tubulin mAbs as described (Piperno et al., 1987).T cell activation is required for synapse organization
maintenance (Huppa et al., 2003). Our work clearly es-
Recombinant DNA Constructs and Transfection of Cellstablishes that HDAC6 through its effect on acetylation/
For HDAC6-GFP expression, an HDAC6 construct lacking the stopdeacetylation balance regulates immune synapse orga-
codon was generated by polymerase chain reaction (PCR) usingnization. Further research is required to assess whether
HDAC6 cDNA (Grozinger et al., 1999) as template and [CGGCGTC
HDAC6 plays a role in the internalization and degrada- GACGATGACCTCAACCGGC] and [CGGCCACCGGTGGGTGTGG
tion of tyrosine-phosphorylated and ubiquitinated CD3 GTGGGGCATATCCTCCCC] as 5 and 3 primers, respectively. The
amplified product was subcloned into pEGFP-N1 (Clontech, Palochain contributing to the proposed signal attenuation
Alto, CA) after restriction with SalI and AgeI. The construct encodingfunction of the immune synapse.
the HDAC6-GFP deacetylase dead double point mutant H216A/
H611A was generated using the QuickchangeTM site-directed muta-Experimental Procedures
genesis kit (Stratagene, La Jolla, CA). The replacement of CAC co-
dons by GCC was verified by sequencing nucleotides encodingAntibodies, Cells, and Reagents
HDAC domains. Transiently transfected J77 cells were generatedThe anti-CD3 T3b, anti-LFA-1 TP1/40, anti-ICAM-3 TP1/24, and anti-
by electroporation, basically as described (Lowin-Kropf et al., 1998).CD4 HP2/6 mAb have been previously described (Campanero et
At 24 hr posttransfection, viable J77 cells were isolated by centrifu-al., 1993). The anti-CD3, anti-ZAP-70, and anti-LAT Abs were a gift
gation onto a Ficoll-Hypaque gradient and conjugated with Raji cellsfrom Dr. B. Alarco´n (Centro de Biologı´a Molecular, Madrid, Spain),
for functional studies.and the anti-HDAC6 pAb was purchased from MBL (Watertown,
MO). The anti--tubulin B-5-1-2, anti-acetylated -tubulin 6-11B-1
mAbs, as well as the rabbit anti-mouse IgG pAb were purchased siRNA Assay
from Sigma Chemical Co. (St. Louis, MO). The anti-GFP 290 mAb A 21 bp siRNA against the amino terminus of HDAC6 at nucleotides
was from Abcam (Cambridge, UK), and the FITC-labeled anti-CD3 217–237 was purchased from Eurogentec (Hampshire, UK). J77 cells
and anti--tubulin Abs were purchased from Becton Dickinson (San were nucleofected with the siRNA at a final concentration of 1 M
Jose, CA) and Sigma, respectively. per sample using the cell line nucleofector kit V (Amaxa GmbH,
CD4 human peripheral blood lymphocytes were purified by us- Cologne, Germany). In brief, cells were nucleofected once and
ing the human T cell CD4 subset column kit (R & D Systems, MN). collected 30 hr after cell nucleofection. Whole-cell lysates were
The human T cell line J77 and the lymphoblastoid B cell line Raji analyzed by Western blotting with anti-HDAC6, anti--tubulin, and
were grown in RPMI 1640 culture medium (Gibco BRL, Gaithersburg, anti-acetylated--tubulin. Mock transfection with siRNA neg from
MD) supplemented with 10% FCS. SEE was purchased from Toxin Eurogentec was used as a negative control.
Technology (Saratosa, FL). SEB, recombinant human fibronectin,
and poly-L-lysine (PLL) were from Sigma. Trichostatin A and sodium
butyrate were from Calbiochem (San Diego, CA). Trapoxin B was a Measurement of Deacetylase Activity
To assess the level of acetylated -tubulin in J77 transfectants, cellsgenerous gift of Dr. M. Yoshida (Chemical Genetics Laboratory RI-
KEN, Saitama, Japan). Phorbol-12-myristate-13-acetate (PMA) and (2  106 cells/ml) were fixed and permeabilized for 5 min in PBS
containing 1% paraformaldehyde and 0.03% saponine. Then, cellsionomycin were purchased from Sigma. The 80 kDa fibronectin frag-
ment (FN-80) was a generous gift of Dr. A. Garcı´a-Pardo (Centro de were stained with the anti-acetylated -tubulin 6-11B-1 mAb and
analyzed in a FACSCalibur flow cytometer (Becton Dickinson).Investigaciones Biolo´gicas, Madrid, Spain). The blue fluorescent cell
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Time-Lapse Fluorescence Confocal Microscopy T cell antigen receptor populations, one which is linked to the cy-
toskeleton via  chain and displays a unique activation-dependentCoverslips with cell conjugates were mounted on Attofluor open
chambers (Molecular Probes, Eugene, OR) and placed on the micro- phosphorylation pattern. J. Biol. Chem. 271, 20705–20712.
scope stage. Cells were maintained at 37C in a 5% CO2 atmosphere Caplan, S., and Baniyash, M. (2000). Searching for the significance
using an incubation system [La-con (GBr) Pe-con (GmbH)]. Confocal in TCR-cytoskeleton interactions. Immunol. Today 21, 223–228.
images were acquired using a Leica TCS-SP confocal microscope.
Delon, J., Kaibuchi, K., and Germain, R. (2001). Exclusion of CD43
A series of fluorescence and differential interference contrast (DIC)
from the immunological synapse is mediated by phosphorylation-
images of transfected J77 cells forming conjugates were obtained
regulated relocation of the cytoskeletal adaptor moesin. Immunity
simultaneously at 30 s intervals, starting from the initial contact
15, 691–701.
with SEE-pulsed Raji cells. Six confocal sections were necessary
Dustin, M.L., and Chan, A.C. (2000). Signaling takes shape in theto capture the entire fluorescent signal. Orthogonal sections of the
immune system. Cell 103, 283–294.green fluorescent signal of HDAC6-GFP were superimposed on the
DIC images. Dustin, M.L., and Cooper, J.A. (2000). The immunological synapse
and the actin cytoskeleton: molecular hardware for T cell signaling.
Nat. Immunol. 1, 23–29.MTOC Translocation Assays
T cells were mixed with Raji cells at a 1:1 ratio and allowed to Dykstra, M., Cherukuri, A., Sohn, H.W., Tzeng, S.J., and Pierce, S.
interact for 15 min at 37C. Then, cell conjugates were gently resus- (2003). Location is everything: lipid rafts and immune cell signaling.
pended and plated onto PLL-coated coverslips for an additional 15 Annu. Rev. Immunol. 21, 457–481.
min. Cell conjugates containing J77 cells were then fixed, permeabil-
Furumai, R., Komatsu, Y., Nishino, N., Khochbin, S., and Yoshida, M.
ized, stained for -tubulin, and visualized by immunofluorescence
(2001). Potent histone deacetylase inhibitors built from trichostatin A
microscopy. SEE-specific CD4 cells were identified by V8 chain
and cyclic tetrapeptide antibiotics including trapoxin. Proc. Natl.
staining. The MTOC was scored as reoriented when it was located
Acad. Sci. USA 98, 87–92.
in close proximity to the T cell plasma membrane between the
Geiger, B., Rosen, D., and Berke, G. (1982). Spatial relationships ofnucleus and the contact area with the APC (Sancho et al., 2002). At
microtubule-organizing centers and the contact area of cytotoxic Tleast 200 cell conjugates were scored in each experiment.
lymphocytes and target cells. J. Cell Biol. 95, 137–143.
Grakoui, A., Bromley, S.K., Sumen, C., Davis, M.M., Shaw, A.S.,Analysis of SEE-Dependent Activation
Allen, P.M., and Dustin, M.L. (1999). The immunological synapse: aJ77 parental cell line and derived established transfectants of GFP,
molecular machine controlling T cell activation. Science 285,HDAC6-WT-GFP, and H216A/H611A-GFP were incubated with Raji
221–227.B cells in the presence or absence of SEE (0.5 g/ml) for 6 hr
at 37C. Then, we determined CD69 expression on cells and IL-2 Grozinger, C., Hassing, C., and Schreiber, S.L. (1999). Three proteins
production in the supernatant. Cells were double stained with anti- define a class of human histone deacetylases related to yeast
CD69 PE (Leu23, Becton Dickinson) and biotinylated anti-V8 Hda1p. Proc. Natl. Acad. Sci. USA 96, 4868–4873.
(B.D.-Pharmingen) plus SA-APC, to distinguish J77 V8-positive Haggarty, S.J., Koeller, K.M., Wong, J.C., Grozinger, C., and
cells from Raji B cells. IL-2 Eli-pair (Diaclone, Besanc¸on, France) Schreiber, S.L. (2003). Domain selective small-molecule inhibitor
was used to determine IL-2 concentration. of histone deacetylase 6 (HDAC6)-mediated tubulin deacetylation.
Proc. Natl. Acad. Sci. USA 100, 4389–4394.
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